Mucoid strains of Pseudomonas aeruginosa produce a high-molecular-weight exopolysaccharide called alginate that is modified by the addition of 0-acetyl groups. To better understand the acetylation process, a gene involved in alginate acetylation called algF was identified in this study. We hypothesized that a gene involved in alginate acetylation would be located within the alginate biosynthetic gene cluster at 34 min on the P. aeruginosa chromosome. To isolate algF mutants, a procedure for localized mutagenesis was developed to introduce random chemical mutations into the P. aeruginosa alginate biosynthetic operon on the chromosome. For this, a DNA fragment containing the alginate biosynthetic operon and adjacent argF gene in a gene replacement cosmid vector was utilized. The plasmid was packaged in vivo into lambda phage particles, mutagenized in vitro with hydroxylamine, transduced into Escherichia coli, and mobilized to an argF auxotroph of P. aeruginosa FRD. Arg' recombinants coinherited the mutagenized alginate gene cluster and were screened for defects in alginate acetylation by testing for increased sensitivity to an alginate lyase produced by Klebsiela aerogenes. Alginates from recombinants which showed increased sensitivity to alginate lyase were tested for acetylation by a calorimetric assay and infrared spectroscopy. Two algF mutants that produced alginates reduced more than sixfold in acetyl groups were obtained. The acetylation defect was complemented in trans by a 3.8-kb XbaI-BamHI fragment from the alginate gene cluster when placed in the correct orientation under a lrc promoter. By a merodiploid analysis, the algF gene was further mapped to a region directly upstream ofalgA by examining the polar effects of Tn501 insertions. By gene replacement, DNA with a TnSOl insertion directly upstream ofalgA was recombined with the chromosome of mucoid strain FRD1.
The resulting strain, FRD1003, was nonmucoid because of the polar effect of the transposon on the downstream algA gene. By providing algA in trans under the tac promoter, FRD1003 produced nonacetylated alginate, indicating that the transposon was within or just upstream of algF. These results demonstrated that algF, a gene involved in alginate acetylation, is located directly upstream of algA.
Chronic pulmonary disease in patients with cystic fibrosis is caused by mucoid strains ofPseudomonas aenrginosa that produce a viscous exopolysaccharide called alginate. Mucoid P. aeruginosa is almost impossible to eradicate in these infections and is responsible for much of the morbidity and mortality in this patient group (14) . The persistence of mucoid P. aeruginosa in the lung may be related to the strain's increased resistance to phagocytosis compared with that of nonmucoid strains (1, 27, 31) , the reduced rate of antibiotic diffusion through alginate (2) , and the potential role of alginate as an adherence factor (21) .
Alginate is a high-molecular-weight, linear, nonrepeating polymer of D-mannuronic acid and L-guluronic acid (8) . Many of the genes involved in alginate biosynthesis from P. aeruginosa have been cloned and characterized for a better understanding of the pathway and regulation of alginate biosynthesis. Most of the alginate biosynthetic genes are at 34 min on the P. aeruginosa chromosome in a large cluster which has an operonic structure (4) . These genes include algA, which encodes phosphomannose isomerase-GDP-Dmannose phosphorylase (30) ; algD, which encodes GDPmannose dehydrogenase (7) ; and algG, which is required for C-S epimerization (3) . There are many genes in this cluster whose functions are not yet known. The final steps in the * Corresponding author. alginate biosynthetic pathway, which includes polymerization, export, epimerization, and acetylation, have not been elucidated.
Alginate is also produced by Azotobacter vinelandii and some algae, as well as several species of Pseudomonas. The bacterial alginate varies from the algal alginate in that the former is 0 acetylated. Acetylation ofA. vinelandii alginate occurs primarily at the 0-2 position of the mannuronic acid residues, but the 0-3 position or both the 0-2 and 0-3 positions can be acetylated (32) . SkjAk-Braek et al. (33) hypothesized that acetylation may affect the ratio of mannuronate to guluronate residues in A. vinelandii alginate. Because nonacetylated residues are more reactive with C-5 epimerase than acetylated residues, acetylation may influence the final structure of alginate by regulating the degree of epimerization. Acetylation also affects the physical and chemical properties of alginate, including viscosity and interaction with calcium ions, causing increased swelling of calcium alginate (34) . Acetylated alginate is less sensitive to degradative alginate lyases than the nonacetylated form (33) .
To better understand the mechanism of alginate acetylation in P. aeruginosa, we isolated mutants of the mucoid cystic fibrosis strain FRD MATERIALS AND METHODS Bacterial strains, plasmids, and media. Bacterial strains, phage, and plasmids used in this study are shown in Table 1 . Escherichia coli and P. aeruginosa were routinely cultured in L broth (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl, all per liter). E. coli strains used for X phage propagation were grown in TM broth (10 g of tryptone, 5 g of NaCl, 2 g of maltose, all per liter). VB minimal medium (36) was used to select for P. aeruginosa following triparental matings with auxotrophic E. coli. AP defined medium (23) was used to promote alginate production by P. aeruginosa. A strain of Kiebsiella aerogenes which can be induced to produce an a-L-guluronate-specific alginate lyase (3) was grown at 37°C in L broth containing 1% alginate (high-viscosity alginate from Macrocystis pyrifera; Sigma Chemical Co.). Lyase agar was used to screen nonmucoid mutants producing nonacetylated alginates that were especially sensitive to enzymatic degradation. Lyase agar was prepared by adding 100 ml of filter-sterilized supernatant from a 24-h culture of K aerogenes to 900 ml of L agar. Antibiotics, when used, were at the following concentrations (per milliliter): ampicillin, 100 ,ug; carbenicillin, 300 F±g; HgCl2, 18 pg; and tetracycline, 15 ,ug for E. coli and 100 pg for P. aeruginosa.
DNA manipulations. General DNA manipulations were performed as described previously (20) . Triparental matings were used to mobilize plasmids from E. coli to P. aeruginosa with the conjugation helper plasmid pRK2013 (9) .
Formation of merodiploids. For the merodiploid analysis, pMF27::TnSOl-3, -26, -14, and -25 plasmids were constructed by ligation of the BamHI fragments from pCC27:: TnS01-3, -26, -14, and -25 (3) into the BamHI site of the cosmid vector pHC79 (16) . To improve the cloning efficiencies of these large DNA fragments (23 plus 8.2 kb from TnSOl), ligation mixtures were incubated with in vitro lambda packaging extracts (Promega, Inc.) and transduced into E. coli HB101 with selection on L agar containing ampicillin. The pMF27::Tn5Ol derivatives were mobilized into P. aeruginosa with pRK2013 with selection on VB agar with carbenicillin. These narrow-host-range plasmids cannot replicate independently in P. aeruginosa, and carbenicillinresistant colonies formed by homologous recombination with the chromosome, resulting in merodiploids.
Construction of an expression vector for P. aeruginosa. pMF36 was a broad-host-range trc expression vector constructed for these studies. New restriction sites were added to the trc vector pKK233-2 (Pharmacia) (Fig. 1 (10) . AcI857 lysates were prepared as described previously (20) The P. aeruginosa DNA in pALG2, mutagenized as described above, was mobilized to P. aeruginosa by pRK2013. pALG2 cannot replicate in P. aeruginosa because of its narrow host range, and recombination occurs with the chromosome in the region homologous to the inserted DNA. The vector contains TnS, which shows reduced stability in P. aeruginosa (13) and facilitates excision of the clone from the chromosome by homologous recombination, and this often results in gene replacement (10, 12) . Here, the argF gene adjacent to the aig cluster served as the selectable marker in P. aeruginosa. Mutagenized pALG2 plasmids were conjugated en masse into the Arg-strain P. aeruginosa FRD492, and recombinants were obtained by selection for Arg+ on minimal agar medium. Under these conditions, the mutagenized alginate biosynthetic operon would be coinherited at a high frequency with the adjacent argF+ marker.
Prototrophic colonies were pooled (10 pools with -103 colonies per pool) and grown for 18 h in VB liquid medium to allow gene replacement to occur. Construction of alg::TnSOI mutants. Construction of mutants with TnSOl insertions in the alginate gene cluster was done by gene replacement by a transduction method previously described (25) . Derivatives of pCC27 containing Tn501 insertions in the alg cluster (3) were mobilized into P. aeruginosa PA01 and then selected for tetracycline resistance. Lysates of the generalized transducing phage F116L were prepared on PAO1(pCC27::TnSOJ) strains and used to transduce plasmid fragments into FRD1. Recombinants were selected on L agar containing HgCl2 and screened for loss of the vector-encoded tetracycline resistance marker, which indicated gene replacement.
Isolation of alginates. Alginates were collected from culture supernatants of strains grown for 24 to 48 h in AP medium as follows. Samples (5 ml) of cultures were mixed with 5 ml of saline to reduce viscosity, and the cells were removed by centrifugation (25,000 x g for 15 min). The culture supernatant was mixed with 5 ml of 2% cetylpyridinium chloride (Sigma), and the precipitated alginate was collected by centrifugation (25, 000 x g for 15 min). The pellet was dissolved in 5 ml of 1 M NaCl, precipitated again with 5 ml of cold (-20°C) isopropanol, and dissolved in 2 ml of saline. The isopropanol precipitation procedure was repeated for samples examined by infrared (IR) spectroscopy. Where indicated, P. aeruginosa alginate was deacetylated by incubating 500 ,ul of purified alginate with 300 pl of 1 M NaOH at 65°C for 30 min, and the reaction mixture was neutralized with 300 ,ul of 1 M HCl.
Alginate and acetylation assays. The concentration of alginate in culture supernatants was determined by the carbazole method of Knutson and Jeanes (19) Fig. 2A) . Lambda lysates were prepared on E. coli HB101(pALG2) to package these cosmids into phage particles. The packaged cosmids were mutagenized in vitro by treatment with hydroxylamine and then transduced into E. coli (Fig. 2B) . Mutagenized pALG2 plasmids were conjugated en masse into an Arg-strain of P. aeruginosa, FRD492, and recombinants were obtained by selection for Arg' on minimal agar medium (Fig. 2C) . Under these conditions, the mutagenized alginate biosynthetic operon with potential mutations in algF would be coinherited at a high frequency along with the adjacent argF+ marker (Fig.  2D ).
An L-guluronate lyase produced by a strain of a Klebsiella species has been previously shown to efficiently depolymerize deacetylated alginate, but acetylated alginate is more resistant (3, 33 (Table 2) .
FI-IR of aIgF mutant alginates. Figure 3A shows the FT-IR spectrum of FRD1 alginate. Figure 3B shows the spectrum of FRD1 alginate that was chemically deacetylated by alkaline treatment. The results show the loss of two distinct peaks (at 1,732 and 1,250 cm-1) associated with alginate 0-acetyl ester bonds. Figure 3C shows the spectrum of purified alginate from the algF mutant FRD1153, which also had reduced absorbances at 1,732 and 1,250 cm-1 compared with those of wild-type alginate. The spectrum of alginate from mutant FRD1152 was similar to that of FRD1153 (data not shown). These results verified that the mutant alginate was deficient in 0 acetylation (AlgF-).
Genetic complementation of algF mutations. The acetylation defects in FRD1152 and FRD1153 were complemented in trans by pCC27 (Table 2) , a low-copy-number plasmid that contains a 23-kb BamHI fragment from pALG2 encoding all of the alginate biosynthetic gene cluster except for algA in a broad-host-range plasmid vector (Fig. 4A) . Although the molar ratio of acetyl groups to sugar residues did not reach wild-type levels in alginates FRD1152(pCC27) and FRD1153(pCC27), the increase in acetylation was readily apparent. Thus, algF was located in this gene cluster, as expected from the localized mutagenesis procedure used to isolate these mutants. Deletion derivatives of pCC27, which still maintained the operon under expression from the promoter upstream of algD, were used to localize algF. Plasmid pMF37 was constructed by deletion of a 10-kb internal XhoI fragment from pCC27 (Fig. 4A) (Table 2) and FT-IR analysis of the alginate produced (data not shown). Plasmid pMF35 was constructed by deletion of the end 3.8-kb XbaI-BamHI fragment from pCC27 (Fig. 4A ). This plasmid failed to complement either algF mutant ( Table 2 ), indicating that algF was located on this terminal 3.8-kb fragment. The 3.8-kb XbaI-BamHI fragment containing algF was cloned into the high-copy-number expression vector, pMF36 (Fig. 1) ; pMF52 and pMF51 contained this 3.8-kb fragment in the correct and opposite orientations, respectively, for transcription under the control of the trc promoter (Fig. 4A) . pMF52 (trc--algF) complemented the AlgF-phenotype of both FRD1153 and FRD1152 to wild-type levels, whereas pMF51 (-trc algY) showed relatively little complemdntation activity ( Table 2) . The FT-IR spectrum of alginate from FRD1153(pMF52) demonstrated absorbance peaks at 1,732 and 1,250 cm-', thus verifying the presence of the O-acetyl ester bond (Fig.  3D ). Merodiploid analysis with TnSOI insertions to map algF. The results above show that algF was located in the terminal 3.8-kb XbaI-BamHI fragment of pCC27 between algG and algA. The algF gene was further mapped with TnSOJ insertions in complementing clones and by testing for the AlgF+ phenotype in algF mutants. For these studies, a merodiploid analysis was used. pCC29 (24) contained the same 23-kb BamHI fragment as that in pCC27 (Fig. 4A) , which encodes the alginate gene cluster except for algA, but in a narrowhost-range plasmid. When pCC29 integrated into the chromosomes of FRD1152 and FRD1153 by homologous recombination (selecting for the vector-encoded carbenicillin resistance marker), all merodiploids were AlgF+ ( Table 2) because one of the operons formed can still transcribe algF+ (Fig. 5A) . A series of narrow-host-range plasmids (pMF27:: TnS01) containing the 23-kb BamHI fragment with TnSOl insertions near the end of the alginate biosynthetic operon were constructed (Fig. 4B ). These pMF27::TnSOl derivatives were used to construct mucoid merodiploids of the algF mutants. Nonmucoid merodiploids were predicted to form when crossovers were downstream of TnSOl (because of the polar effect of the transposon on algA transcription), and these colonies were not evaluated here. Mucoid merodiploids resulted when the crossover occurred upstream of TnSOJ, as shown in Fig. 5 . If the transposon insertion were downstream of algF+ in pMF27::Tn5OJ, then AlgF+ merodiploids would be obtained (Fig. 5B) , since one functional operon containing the algF mutant allele and one truncated operon containing algF+ would be transcribed. However, if the transposon insertion were upstream of algF+ in pMF27::TnSOl, then AlgF-merodiploids would be obtained (Fig. SC) (12, 18) , introduction of specific deletion muta-D+ tions (12) , allelic exchange with adjacent selectable markers (10) , and introduction of specific base pair substitutions constructed in vitro (22) . Here we used a combination of region-specific chemical mutagenesis (17) The results of this study provide the molecular basis for studies on alginate acetylation. The algF gene, which may encode an acetyltransferase, is presently being sequenced and expressed in E. coli to study its role in alginate acetylation. It has been proposed previously that mannuronate acetylation in A. vinelandii may occur intracellularly at the sugar or sugar-nucleotide level (33) . If acetylation occurs intracellularly in P. aeruginosa, then the enzymes involved in alginate polymerization are equally able to incorporate nonacetylated or acetylated mannuronate residues into the final alginate structure. We are presently investigating the mechanism of alginate acetylation, which may occur at the sugar, sugar-nucleotide, or polymer level in P. aeruginosa.
